INTRODUCTION
The maf oncogene (v-maf) was initially identified from an avian oncogenic retrovirus, AS42, which induces musculoaponeurotic fibrosarcoma in vivo and transforms chicken embryo fibroblast cells in vitro (1) . Frequent translocations of the cellular c-maf gene to the Ig locus have been found in multiple myelomas (2) . Several maf-related genes have been identified so far (i.e. mafB, mafK, mafG, mafF and Nrl) (3) (4) (5) . The maf gene family includes the large maf genes (c-maf, mafB and Nrl) and the small maf genes (mafK, mafG and mafF), which lack the N-terminal half of the large maf genes which contains the transactivation domain. Members of both subfamilies possess a well-conserved bZip DNA-binding domain in the C-terminus. The large Maf proteins form homodimers as well as heterodimers with other members of the bZip transcription factor family, such as Jun and Fos (6, 7) . The small Maf proteins heterodimerize with the CNC family of proteins, including NF-E2, Nrf1 and Nrf2, and work as positive transcription factors (8) (9) (10) . The consensus binding sequences of Maf family proteins [the Maf recognition element, MARE, -TGCTGAC(G) TCAGCT-] overlaps with the 12-O-tetradecanoylphorbol 13-acetate responsive element (TRE) and cAMP-responsive element (CRE) (7, 11) . Recent studies indicate that the Maf-related factors play important roles in development and cellular differentiation (12) . MafB interacts with Ets-1, a transcription factor containing a helix-turn-helix DNA-binding domain, and inhibits Ets-1 activity and, hence, interrupts erythroid differentiation (13) . The mouse mafB gene was identified as a gene responsible for segmentation of the hindbrain during early development, as shown from an analysis of kreislar (Kr) mutant mice (14) . The c-maf gene product activates transcription from two sites in the L7 gene, which is expressed in all adult cerebellar Purkinje cells (15) . Furthermore, c-Maf regulates tissue-specific expression of IL-4 in T helper 2 (Th2) cells and controls Th2 cell differentiation (16) . c-Maf physically interacts with c-Myb to regulate transcription of the genes of early myeloid cells and elevated c-Maf-c-Myb complexes induce monocytic differentiation (17, 18) . It has also been demonstrated that c-Maf activates the p53 gene and its overexpression leads to p53-dependent apoptosis (19) . We have previously isolated the rat maf-related cDNA clones cmaf and mafB (originally named maf-1 and maf-2 for rat mafB and c-maf, respectively) and shown that both genes are specifically expressed in cartilage, lens, spinal cord and kidney in a differentiation-specific manner (20) (21) (22) . Furthermore, when precise expression patterns were compared, expression of cmaf and mafB were spatially and temporally different from each other. These findings indicate that the large maf gene family products play an important role in cellular differentiation of several tissues in a related but distinct manner.
*To whom correspondence should be addressed. Tel: +81 11 706 5043; Fax: +81 11 706 7865; Email: m_sakai@med.hokudai.ac.jp More recently, targeted disruptions of the c-maf gene have been reported as displaying abnormal lens development (23) (24) (25) . The differentiation of lens epithelial cells to fiber cells and crystallins expression were impaired. Since many of the crystallin family genes and other lens-specific genes have MARElike sequence in their regulatory regions, these genes might be a direct target of the c-Maf transcription factor (25) (26) (27) (28) .
The upstream factor that regulates c-maf expression is a critical point for the elucidation of lens development. It has been shown that the transcription factors Pax6, Sox1 and L-Maf play a pivotal role in lens development (26, 29, 30) . Induction of lens differentiation by ectopic expression of Pax6 or L-maf (26, 31) suggests that these factors may be placed upstream of c-Maf in the transcription factor cascade of lens development.
To determine the upstream factor that controls c-maf expression in lens development and other processes of cellular differentiation, we have analyzed the cis-acting elements and the factors that regulate this gene.
Here we present evidence that Pax6 activates the c-maf gene and that this gene is positively autoregulated by its own product, c-Maf.
MATERIALS AND METHODS

Cloning of the rat c-maf gene
A rat genomic library (kindly provided by Dr K. Watanabe, Metropolitan Institute for Gerontology, Tokyo) constructed in the EMBL-3 λ phage vector (Stratagene, La Jolla, CA), was screened using a rat maf-2 (rat c-maf) cDNA. Approximately 5 × 10 6 phage were screened and one of the positive clones containing the longest 5′-flanking sequence was used for analysis. The various restriction fragments of the cDNA were subcloned into vector plasmid pBluescript II (Stratagene, La Jolla, CA) and subjected to sequencing. The nucleotide sequences of the cloned fragments were determined with an ABI Prism dye terminator cycle sequencing kit and ABI 373S DNA sequencer (Applied Biosystems, CA).
RNase protection mapping and 5′-rapid amplification of cDNA end (RACE) analysis
We analyzed the transcription initiation site by the RNase protection mapping and 5′-RACE methods. Total cellular RNA from cartilage cells, induced by subcutaneous implantation of bone morphogenetic protein (BMP) on a fibrous glass membrane (20) , was prepared by the acid guanidine thiocyanate/phenol method using the ISOGEN RNA extraction kit (Nippon Gene, Toyama, Japan). RNAs from rat fibroblast cell line 3Y1 and Wister rat heart were also extracted. RNase protection analysis was performed as described (20) . To construct the template plasmid for synthesis of the antisense RNA probe (riboprobe) a DNA fragment containing the transcription initiation site (-125 to +110) was subcloned into pBluescript. The riboprobe was synthesized with T7 RNA polymerase (Takara, Kyoto, Japan) with [α-32 P]UTP in vitro. The riboprobe for the coding region of the c-maf gene (the XhoI-StyI fragment of cmaf cDNA; 20) was also synthesized and used as a positive control in the RNase protection analysis. The cap site of the cmaf gene was also analyzed by 5′-RACE using a 5′/3′RACE kit (Boehringer Mannheim, Germany) according to the supplier's protocol. The cDNA was synthesized using total RNA of cartilage cells with a primer complementary to -90/-110 (-CAAGGCAAGGCCGAGAGCAA-). The cDNA was tailed with poly(A) and amplified using a primer complementary to -63/-84 (-TGGGGGGAGAGGCCGAGCGGA-) and a poly(T) anchor primer (-GACCACGCGTATCGATGTCGACT 16 V-, V = A, C or T). The PCR products were further amplified with nested primer -40/60 (-AGCAGCTCGAGCATCAGCTC-) and the anchor primer. The PCR products were cloned into plasmid vector T-Easy (Promega, Madison, WI) and sequenced.
For RNase protection analysis to detect Pax6 mRNA, the Pax6 cDNA (-110/+136 with respect to the ATG initiation codon) was amplified by reverse transcription and PCR (RT-PCR) and subcloned into pBluescript II. The mouse c-maf cDNA fragment (corresponding to the 974-1284 region of rat c-maf cDNA) was amplified by RT-PCR and subcloned into pBluescript II. These plasmids were used as the templates for riboprobe synthesis. The mouse glyceraldehyde 3-phosphate dehydrogenase (GAPDH) cDNA (initiation codon ATG-HindIII site, 190 nt) was amplified by RT-PCR, inserted into pBluescript II and used to synthesize an antisense riboprobe for control experiments.
Construction of plasmids
Various DNA fragments from the c-maf genomic clone, prepared by restriction cleavage or PCR, were inserted into the promoterless luciferase plasmid vector pGVB2 (Nippon Gene). To analyze the enhancer activity of the various regions of the c-maf gene, the fragments were inserted into vector pGVB2 having the promoter sequence of the rat glutathione S-transferase P (GST-P) gene (-50 to +36, a minimal promoter containing a TATA box and a GC box; 32). One or three copies of the consensus binding sequence of the Pax6 paired domain (-GATCCAATTTCACGCTTGAGTTCACAGCT-; 33) was inserted into a plasmid containing the luciferase gene with the GST-P promoter to construct the Pax6 control reporter plasmid, PaxCon1/Luc or PaxCon3/Luc, respectively.
The expression plasmid for rat Pax6 (pAct/Pax6) was prepared as follows. The coding region of the Pax6 cDNA was isolated by RT-PCR with primers 5′-CCGGATCCAGCAT-GCAGAACAGTCAC-3′ and 5′-CCAAGCTTACTGTAAT-CGAGGCCAGT-3′, using total RNA from newborn rat lens as template. This cDNA was joined to the expression vector pAct2, containing the human β-actin enhancer and promoter (34) . The expression plasmids for rat c-maf (maf-2), mafB (maf-1) and c-jun have been described previously (20) .
Cell culture and transient transfection analyses
The mouse fibroblast cell line C3H10T1/2 was obtained from the Japanese Collection of Research Bioresources, Tokyo, and maintained in Dulbecco's modified minimal essential medium (DMEM; Nissui, Tokyo) supplemented with 10% fetal bovine serum. Twenty-four hours before transfection, the cells were plated at a density of 2 × 10 5 cells/plate. Transient transfection experiments were performed by the calcium phosphate co-precipitation method according to Chen and Okayama (35) . A total of 5 µg DNA, including 1 µg reporter plasmid, 0.5 µg β-galactosidase expression plasmid (pSV-β-gal; Promega, WI) as an internal control, with or without various amounts of expression plasmid of the effector gene, and pUC18 DNA, was co-transfected into C3H10T1/2 cells. After 45 h incubation, cells were harvested and extracted in 100 µl of lysis buffer (Nippon Gene) by freezing and thawing. The cell extracts were assayed for luciferase activity using a luciferase assay kit (Nippon Gene) and for β-galactosidase activity (36) . Luciferase activity was normalized to β-galactosidase activity and all experiments were repeated at least twice.
Electrophoretic mobility shift assay (EMSA) and DNase I footprinting analysis
The paired domain of Pax6 was synthesized in Escherichia coli as a fusion protein with E.coli maltose-binding protein (MBP). The cDNA fragment corresponding to the paired domain (N-terminal 131 amino acids) was synthesized by PCR, using primers 5′-CCGGATCCAGCATGCAGAACAG-TCAC-3′ and 5′-GAGAAGCTTCTAGCCAGGTTGCGAAG-AACT-3′, and inserted into pMalc2, an expression vector for the fusion protein with MBP (New England Biolabs, Beverly, MA). The plasmid for c-Maf-MBP fusion protein was synthesized as follows. At first we tried to construct a c-Maf-MBP fusion protein, but were unsuccessful. We attributed this failure to possible toxicity of the fusion protein. We found that the N-terminal region of c-Maf was harmful to E.coli. Then we replaced this region of the c-maf cDNA with the corresponding region of the highly homologous gene mafB. The C-terminal half of c-maf cDNA, including the DNA-binding domain (amino acids 159-369) was joined to the N-terminal region of mafB cDNA (amino acids 83-157) by a common ApaI site. The chimeric cDNA was inserted into vector pMalc2. The fusion protein was expressed in E.coli and purified by amylose affinity column chromatography according to the supplier's protocol (New England Biolabs). The probes for EMSA and DNase I footprinting analysis were prepared by filling in the 5′-overhang end of appropriate restriction enzyme fragments of the c-maf gene using Klenow DNA polymerase I (Takara, Kyoto) and [α-32 P]dCTP.
EMSA was performed essentially as described previously (7) . About 100 ng Pax6 paired domain or c-Maf protein, fused with MBP, was preincubated with 0.5 µg poly(dI·dC) (Pharmacia, Stockholm) at room temperature for 10 min in 10 µl of binding buffer (20 mM HEPES pH 7.9, 20 mM KCl, 1 mM EDTA, 5 mM DTT, 4 mM MgCl 2 , 15% glycerol, 100 µg/ml bovine serum albumin). 32 P-labeled DNA probe (∼2 × 10 4 c.p.m.) was added to the binding mixture and incubated for another 10 min. Protein-DNA complexes were analyzed by 4% PAGE in 0.5× TBE (25 mM Tris-borate, 0.5 mM EDTA, pH 8.2). For the footprinting analysis, DNA-protein binding reactions were carried out as for the EMSA but at five times the scale (50 µl volume) and with about five times the protein concentration. Aliquots of 50 µl 5 mM MgCl 2 , 5 mM CaCl 2 and 20 ng DNase I (Takara) were added and incubated for 2 min at room temperature. The reaction was terminated by addition of 100 µl of 20 mM EDTA, 1% SDS, 0.2 M NaCl. After proteinase K treatment (100 µg/ml for 15 min) the DNA was extracted and analyzed on 6% polyacrylamide gels containing 8 M urea. Adenine and guanine bases of the same probes were modified and digested by the Maxam-Gilbert method and loaded as a marker.
Isolation of Pax6 overexpressed in cell lines
The Pax6 expression plasmid (pAct/Pax6) was co-transfected with a plasmid containing the neomycin resistance gene (pSV2-neo) into C3H10T1/2 cells. The neomycin-resistant clones were isolated after 2 weeks culture in medium containing 400 µg/ml G418 (Gibco BRL, NY).
In situ hybridization histochemistry
In situ hybridization was carried out as previously described (20, 22) . Briefly, sections of the eyes from E14 mouse embryos were dried and immersed in 1% Triton X-100 in 50 mM Tris-HCl, 25 mM EDTA, pH 8.0, and acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine. The sections were dehydrated and hybridized with the probes in 50% formamide, 10% dextran, 1× Denhart's solution, 12 mM EDTA pH 8.0, 10 mM Tris-HCl pH 8.0, 30 mM NaCl, 0.5 mg/ml yeast tRNA and 10 mM DTT at 55-60°C overnight. The slides were rinsed in 4× SSC, digested with RNase A (20 µg/ml) for 30 min at 37°C and washed sequentially in 2× SSC, 1× SSC and 0.5× SSC, then for 30 min in 0.1× SSC at 60°C. The sections were exposed to X-ray film (Kodak X-Omat) for 4 days, then dipped in NTB2 nuclear emulsion (1:1 with water; Kodak) and exposed for 3 weeks before being developed. Counter-staining of cells was with 0.001% bisbenzimide. Radioactive RNA probes for c-maf (nt 195-410) and Pax6 (-110/+136 with respect to the ATG initiation codon) were synthesized with [α- 35 S]UTP (NEN Life science) by T7 RNA polymerase (Takara).
In control experiments adjacent sections were treated with RNase before hybridization or sense strand cRNA probes were used for hybridization.
RESULTS
Cloning and sequencing of the rat c-maf gene
A rat genomic library was screened with a fragment of the rat maf-2 (c-maf) cDNA (EcoRI-PstI fragment, 5′-untranslated region). We obtained three positive clones from ∼5 × 10 6 recombinant phage. The clone with the longest 5′-flanking region (λc-maf) was further analyzed. The restriction map and the nucleotide sequence of the 5′-flanking region of this clone are shown in Figure 1 . Nucleotide sequence analysis indicates that this clone contains ∼9.5 kb of the 5′-flanking sequence, the entire coding sequence and 0.3 kb of the 3′-non-coding sequences. Comparison of the genomic clone with the cDNA clone indicates that this gene has no intron, at least in the 5′-non-coding and coding sequences.
To identify the transcription initiation site of the rat c-maf gene, RNase protection mapping was carried out as described in Materials and Methods. As shown in Figure 2 , an ∼115 nt protected band was detected in all RNAs from different tissues with the 5′-end probe (probe A). A minor band at ∼87 nt was also detected. Some non-specific bands were seen on the gel, which may be due to the high GC content of probe A. Thus an internal probe (probe B) was used with the same RNA samples as a control. The expected 171 nt bands were detected by probe B. The intensities of the 5′-end probe bands were almost proportional to that of the internal probe, indicating that both probes detect the same c-maf mRNA. To confirm this result we performed 5′-RACE analyses as described in Materials and Methods. The final PCR products were cloned and sequenced. As predicted from the RNase protection analysis, two types of cDNA clones were obtained, one corresponding to the +1 site in Figure 1 and another 28 nt shorter than the longer clone. The sizes of the protected bands were several nucleotides longer than expected from the RACE analysis. However, taking into account that RNase A, used in this experiment, cleaves only 3′ of a pyrimidine residue (C or U), the results of the RNase protection analysis agree with those of the 5′-RACE analysis. Of the 22 clones determined, 14 corresponded to the longer clone. This suggests that the major mRNA is at twice the concentration of the minor mRNA. From the results of the RNase protection mapping and 5′-RACE analyses we assigned the major and minor transcription initiation sites to +1 and +29, respectively, as shown in Figure 1 . A TATA box (-TATAAA-) is located 28 nt upstream of the major cap site.
The functional promoter of the c-maf gene
To determine the functional promoter region of the c-maf gene we made a series of 5′-deletion constructs joined to the luciferase gene and introduced these into C3H10T1/2 cells.
The mouse fibroblast cell line C3H10T1/2 expresses the c-maf gene at low level and is able to differentiate to muscle cells, adipocytes and chondrocytes on treatment with 5-aza-cytidine, an inhibitor of DNA methylation (37) . As previously reported, c-maf is expressed in the final stage of chondrocyte differentiation (20) . c-maf expression is down-regulated during adipocyte differentiation and muscle differentiation also correlates with c-maf expression (M.Sakai, J.Hirokawa and S.Nishi manuscript in preparation). These findings suggest that the differentiation process from mesenchymal fibroblast cell to other cell types is accompanied by an alteration in c-maf expression. The C3H10T1/2 cell line is an advantageous one in which to study expression and function of the c-maf gene during differentiation. Figure 3 shows luciferase analysis of the 5′-deletion constructs. -5.6 k/Luc has strong promoter activity, inducing ∼100-fold higher luciferase activity than the negative control plasmid (pGVB2). Deletion of the distal region from -5.6 to -1.0 kb produces essentially no change in promoter activity. Progressive deletion of the 5′-sequence -1050 to -321 results in a slight increase in promoter activity. However, a drastic decrease in luciferase activity was observed when the region from -165 to -60 bp was deleted. These results indicate that the region between -165 and -60 bp of the c-maf gene contains elements that are essential in directing basic transcription of the reporter gene in C3H10T1/2 cells.
Pax6 and c-Maf activate the c-maf promoter
c-maf is expressed in the differentiation process of lens fiber cells. Many lens-specific genes, such as the crystallin family genes, have a MARE in their regulatory region and are activated by c-Maf (27) . In order to determine the upstream factor of c-Maf we have examined Pax6, the master transcription factor in lens development, as well as c-Maf itself.
We co-transfected expression vectors for Pax6, c-maf, mafB and c-jun with a c-maf-luciferase reporter gene into C3H10T1/2 cells. Figure 4A shows that both Pax6 and c-Maf markedly activate the c-maf promoter. MafB and c-Jun also activate the c-maf promoter, but this activation is weaker than that of c-Maf. Since both MafB and c-Jun recognize similar sequence elements to c-Maf, both factors may act through the same elements as c-Maf. Pax6(5a), an alternative splice variant of Pax6 (38) , has no significant effect on c-maf expression (data not shown).
To identify the required element for Pax6 activation of the c-maf gene, 5′-deletion constructs were analyzed (Fig. 4B) . The construct deleted to -0.32 kb shows strong activation, while activation gradually decreases with further deletions. The deletion to -90 was still activated by Pax6. This suggests that there are multiple binding sites in the c-maf promoter. Next, various 5′-fragments were joined to a luciferase gene having a GST-P gene promoter (32), a minimal promoter containing a TATA box and a GC box, and were co-transfected with a Pax6 expression vector (Fig. 5B) . The -321 maf construct was activated by Pax6 ∼6-fold, but each of the fragments derived from the c-maf promoter region had rather weak activity (up to 2.5-fold). Activation of the luciferase gene containing a single Pax consensus element was not strong (Fig. 5B, PaxCon1) . However, the construct having three tandemly repeated elements was strongly activated (Fig. 5B, PaxCon3 ). This suggests that multiple binding sites are required for strong activation by Pax6. Figure 2 . Analysis of the transcription initiation site of the rat c-maf gene. RNase protection mapping was carried out as described in Materials and Methods. RNA was extracted from BMP-induced chondrocytes (BMP), a rat fibroblast cell line (3Y1) and rat heart (Heart). The same RNA sample was analyzed with two probes (5′-end region, probe A; internal region, probe B) as illustrated in the lower panel. Yeast RNA was used as a negative control. End-labeled HinfI-digested pUC18 DNA was used as a size maker (M). A schematic representation of the experiment and the nucleotide sequence around the cap sites are shown in the lower panel. To identify the binding site for Pax6 in the promoter of the c-maf gene, we carried out EMSA and footprinting analyses using various fragments derived from the c-maf promoter (Fig. 6A) . The paired domain of Pax6 fused with MBP was used for the EMSA and footprinting analyses as described in Materials and Methods. Surprisingly, five of the six fragments of the 5′-flanking and 5′-non-coding regions of the c-maf gene examined bound to the Pax6 paired domain (Fig. 6B) . Fragments A, E and F had strong and B and D had weak binding activities. To further identify the binding sequence, footprinting analyses were carried out. Fragments B and D weakly bind to Pax6 and have no clear footprints. As shown in Figure 6C , the other three fragments (A, E and F) show clear footprints. The nucleotide sequences of the binding sites are aligned in Figure 6D . All three binding sites have similar sequences to that of the Pax6 consensus (5′-T/G-T/G-C-A-C-G-C/G-3′). These results indicate that the c-maf promoter has multiple Pax6-binding elements in the 5′-flanking and 5′-non-coding regions and that these elements are required for full activation by Pax6.
Localization of c-Maf-responsive elements in the c-maf promoter
As described above, c-Maf dramatically activates the c-maf promoter. To identify the responsive elements for c-Maf activation, we have dissected the promoter region into small fragments and analyzed each fragment by transient transfection assay. As shown in Figure 5B , fragments B (-165/+51) and C (-190/-56) were activated by c-maf co-transfection. The other fragments displayed slight activation. As expected, fragments B and C bind to a c-Maf-MBP fusion protein in an EMSA (Fig. 7B) . Using the same c-Maf-MBP protein, footprinting analysis showed that c-Maf protein binds to the sequence -177 to -163, which has two adjacent PvuII sites. This sequence contains a 17 bp complete palindromic sequence with a 1 bp insert (-CAGCTGACAGTCAGCTG-) and is almost identical to the CRE-type MARE (-TGCTGACGTCAGCA-) (11). Another binding site was detected on fragment B (Fig. 7C) at -26 to -15, just downstream of the TATA box. This sequence, 5′-TGCTGAGTT-3′ is located in the opposite orientation and is also similar to the MARE. A weak binding site was found at -106 to -90 (Fig. 7C, thin lines) , the region of overlap for the two probes, although we could not find a typical MARE-like sequence in this region.
These findings indicate that the c-maf gene is positively autoregulated by its own product, c-Maf, through the MARE sequence.
Pax6 activates the endogenous c-maf gene
In order to confirm activation of the c-maf gene by Pax6, we established a Pax6 overexpressing cell line by permanent introduction of a Pax6 expression vector into C3H10T1/2 cells. The plasmid containing the Pax6 gene under control of the human β-actin promoter and enhancer was transfected together with a plasmid, pSV2neo, expressing the neomycin resistance gene. G418-resistant clones were isolated and expression of Pax6 and c-maf mRNA was quantified by RNase protection analysis. The Pax6 riboprobe used in this experiment covered 110 nt of the 5′-non-coding region and 136 nt of the coding region. Since the Pax6 expression vector contains only the coding region, as described in Materials and Methods, the probe must be protected at nt 246 and 136 by transcripts from the endogenous and transfected genes, respectively. The results are shown in Figure 8 . C3H10T1/2 cells do not express detectable Pax6 mRNA (Fig. 8, neo) . c-maf mRNA was increased in Pax6 overexpressing cell clones. This result indicates that introduction and overexpression of the Pax6 gene activates the endogenous c-maf gene in C3H10T1/2 cells.
In situ hybridization histochemistry of pax6 and c-maf in the E14 embryonic lens
To determine the precise expression patterns of Pax6 and c-Maf in the lens, we have carried out in situ hybridization histochemistry with E14 mouse embryonic lens. Pax6 was expressed in lens epithelial cells on the anterior surface of the lens and in the lens equator (Fig. 9A) . However, c-maf was not expressed in lens epithelial cells but was expressed in the equator and lens fiber cells (Fig. 9B, arrowhead) . These results agree with previous reports (20, 21, (23) (24) (25) 39, 40) . The expression pattern of the two genes did not completely overlap. Lens fiber cells differentiate from actively proliferating lens epithelial cells in the lens equator region. Pax6 was expressed in lens epithelial cells and cells differentiating from epithelial to fiber cells, while c-maf was expressed in differentiating cells and finally differentiated fiber cells. These results support the hypothesis that Pax6 activates the c-maf gene in lens equator cells and that c-maf expression continued in lens fiber cells by a positive autoregulation mechanism.
DISCUSSION
The rat c-maf gene
We have cloned the rat c-maf gene containing a long 5′-flanking, a 5′-non-coding, an entire coding and partial 3′-non-coding region. Like the mouse c-maf (24) and mouse mafB genes (41), the rat c-maf gene has no introns, at least in the 5′-non-coding and coding sequences. Two transcription initiation sites were found, at 958 and 930 nt upstream from the ATG translation initiation site. The sizes of the rat c-maf mRNAs are thus estimated to be 2849 and 2821 nt for the major and minor mRNA, respectively. The nucleotide sequence of the promoter region is almost completely conserved between rat and mouse (24), only 3 nt being different within 200 nt of the 5′-flanking region.
Pax6 and c-Maf activate the c-maf gene
As previously reported, c-Maf is expressed in various tissues in a differentiation-specific manner (20) (21) (22) . Computer analysis of the rat c-maf gene suggests that huge amounts of transcription factors can potentially bind to the promoter region, but it is not known which factor might work on this gene. The mechanisms of c-maf gene regulation might not be simple in such many different tissues and developmental stages. Recent analyses of c-maf knockout mice show that lens fiber cell differentiation is impaired. Expression of Pax6, the master gene of eye development, in the lens is similar to that of the maf family genes, leading us to investigate the interrelationship between Maf and Pax6 transcription factors in lens development. We found that Pax6 activates the transiently transfected as well as the endogenous c-maf gene. We also detected multiple Pax6-binding elements in the c-maf promoter. c-Maf itself strongly activates the c-maf gene through MARE elements in the c-maf promoter. Pax6 and c-Maf expression partially overlap in epithelial cells near the lens equator during differentiation of lens fiber cells ( Fig. 9) . This result suggests that c-maf gene activation was initiated by Pax6 in the lens equator and that when Pax6 expression ceased c-maf gene expression continued in differentiated fiber cells due to a positive autoregulation mechanism.
MafB, a highly related Maf family large protein, is also expressed during lens differentiation (limited to the lens equator) and has a wider DNA-binding specificity than c-Maf (7). This suggests that both factors have related but distinct roles in lens differentiation. The promoter region of the mafB gene has some similarity to that of c-maf (41) and we surmise that MafB may also be a member of the Pax6 cascade in lens development. However, our preliminary results indicate that the mafB gene is not significantly activated by Pax6 (data not shown). In addition, abnormal lens development has not been reported in kreisler mice, a mafB gene mutant strain (14) . Another Maf family large protein, Nrl, is also expressed in lens fiber cells (42) . How these Maf-related transcription factors function in lens development remains to be elucidated.
Pax6 does not always activate the c-maf gene, because the expression patterns of Pax6 and c-maf are not identical. Pax6 mutant mice and rats (small eye, sey) (29, 43) have been reported which have impaired eye development. Eyes do not develop in these mutant animals, therefore expression of c-maf cannot be detected in lens tissue. However, other organs in which both Pax and Maf are expressed, such as the hindbrain and spinal cord, would be valuable in order to determine whether c-maf is expressed or not in Pax6 mutant animals.
The c-maf gene is activated by its own product, c-Maf. The c-jun and mafB genes are also activated by their own products (41, 44) . Thus, positive autoregulation may be a common mechanism for gene regulation of bZip transcription factors for their continuous expression. The Maf family are bZip proteins that form homo-and heterodimers with one of the bZip factors to modulate transcription through various MARE-related binding elements, such as the TRE, ARE (antioxidant-responsive element of phase II drug metabolizing enzyme genes) and CRE. Therefore, it is likely that several bZip factors are capable of binding to c-maf MARE-related elements and regulating this gene in response to different cellular signals or environments.
